Abstract-A system to analyze the chemical properties of a region of tissue located deep inside the human body without having to access it is proposed. The method is based on a high precision detection of X-rays or y-rays (photons) from an external source Compton scattered from the tissue under inspection. The method provides chemical information of plane regions lying not too deep inside the body (<6 cm). The amount of radiation absorbed by the body is about the same as needed for a standard X-ray tomography. The exposure time is estimated to be shorter than 10 min.
I. INTRODUCTION THE ability to clearly view a section within a human l body, without interference from other regions, has long been a goal of medical radiology. In 1968, Hounsfield [1] , [2] developed a technique known as computerassisted tomography which produced striking cross-sectional images of the human head in a runtime of a few minutes with a dose of few radians to the tissue. This advance has revolutionized much of medical radiography and stimulated development of other imaging techniques. Among them, the nuclear magnetic resonance [3] imaging technique looks very promising today mainly because it does not introduce any ionizing radiation into the patient's body. It measures the density plus relaxation times of the hydrogen instead of the total density which is measured by a standard tomography, thus providing additional medical information. In fact, almost all existing imaging methods measure different entities and are more complementary than in competition with one another [4] .
The proposed method reconstructs the elemental composition and some chemical bonds among different atoms in an imaging plane or in a volume element. The potential of this method for medical diagnosis is self-evident.
According to the authors' knowledge, no other method exists which can provide similar information.
The proposed method is based on analysis of the Compton profile of X-rays or^y-rays (photons) incoherently scattered on electrons within the imaging plane. It will be Manuscript received February 28, 1986 ; revised July 28, 1986 . This work was supported by the U.S. Department of Energy under Contract DE-AC02-76CH00016.
E. Gatti shown later that the shape of the Compton profile is related to the momentum distribution of electrons on which the photons were scattered. The Compton profile is known for each element, thus it serves as a "fingerprint" to identify the elemental composition of the matter in the viewing section. Moreover, the shape of the Compton profile is sensitive to the state of the valence electrons of the atoms. Therefore, a careful analysis of the Compton profile also reveals some information about the molecular structure.
In Section II the principles of the method are discussed. Section III is dedicated to the description of a new germanium high-resolution (energy and position) detector which is the central part of the new tomographic system. The detector's high acceptance allows application of the Compton profile method, up to now a rare laboratory tool, to a much wider field.
Section IV studies the practical aspects and the limitations of the method. The principal limitation is due to the statistical accuracy of the data closely connected to the radiation dose absorbed within the patient's body.
II. PRINCIPLES OF THE METHOD
We will start our studies by first considering the Compton scattering from a selected point, practically from a small volume fixed within the living body. This is the key to the chemical analysis. Then we will extend the ideas to the analysis of a line and to a full tomographic plane. [5] and neglect the other photon processes in the tissue, since they are not detected in the proposed apparatus.
The well-known Compton formula [6] relates the energy of a scattered photon w() to the photon scatter angle 0 [ Fig. 2(a) where pz is the component of the initial electron momentum Pi along the Z axis which was defined as being with the opposite orientation parallel to the vector of photon momentum transfer k = k -k2; m, 6, and 6 retain their previous meaning. Equation (2) shows that the energy of the scattered photon at a given angle depends on the projection of the initial electron momentum. Roughly speaking, the measure- J(pz) = \ P N(px, pV pz) dpx dpv = X'PI X~'PI X*(Pi) * X(P) dpx dp v trons in real materials [7] . Electrons are not free and not at rest. Each element broadens the energy distribution in its characteristic way, which is the "fingerprint" mentioned in the Introduction.
B. Compton Profile and Electron Momentum Distribution
The rigorous analysis of the Compton scattering from bound electrons was performed by Eisenberger and Reed [9] and Ribberfors [10] in a general relativistic case. The interaction is depicted in Fig. 2(b) . The net result is the breakdown of (1) due to the initial electron momentum p1. The difference between the energy of the scattered photon c2 and the energy of the scattered photon w(o) on an electron at rest is given by where N(px, p.y, p) = N( p) is the density momentum distribution which was expressed by the electron momentum wavefunction X(P). The momentum wavefunction X(i) is a Fourier-Dirac transformation of the more familiar spatial wavefunction X(x). Excellent reviews of the Compton profile are available (1 l)- (15) .
Compton profiles were calculated for all elements. Calculations based on Hartree-Fock wavefunctions are tabulated [16] and agree very well with the measurements. Fig. 4 from [8] shows the degree of the agreement for a helium atom. Fig. 5 shows calculated Compton profiles for biologically important atoms of hydrogen, carbon, and sodium normalized to one electron [16] . The difference of the shapes of the Compton profile of individual elements is the principle of the elemental analysis. The observed Compton profile is almost the weighted sum of the Compton profiles of the individual elements. The problem of elemental analysis is reduced to the decomposition of the experimental distribution as a sum of known elemental distributions.
Strictly speaking, however, the Compton profile is also sensitive to the state of valence electrons of atoms which combine to form molecules. Fig. 6 shows the effect of chemical bonds on the Compton profile (taken from [17] [8] Knowing the scattered angle, the ideal Compton energy W(°) is calculated (1) . The difference between measured and calculated energies -'2 -CO 2 is related to the projection of the initial electron momentum p. according to (2) .
Calculating p, for each detected photon, we obtain the distribution of p, which is the Compton profile J(pz).
C. Elemental Analysis in a Tomographical Plane Let us remove the second collimator [ Fig. l(b) ] from the apparatus. The function of this collimator was to select a given region along the primary beam line for the Compton profile analysis. In a new modified apparatus, primary photons scattered anywhere along the beam line may reach the detector and be measured there. This alternative apparatus is shown in Fig. 7(a) . Here the germanium detector covers a large solid angle around 900 relative to the primary monoenergetic photon beam. The fluorescenceless collimator lamellas shown in Fig. 7 where the parameter y is also a function of 0 1
ro is the classical electron radius (=2.818 x 10-15 m), and 0 and 6 retain their meaning from (1). The differential cross section da/d2 is the probability that an incident primary photon will be scattered into a unit solid angle at the polar angle 0 by a density of scattering centers of one electron per cm2. Fig. 8 shows the calculated Klein-Nishina cross section for the energy of primary photons of 159 keV. In our case it means that photons scattered from a small volume element are distributed in the detector according to formula (4). This constraint is unimportant for the case under consideration of photon scattering on free electrons at rest, but it plays a central role in elemental analysis from photons scattered by real electrons.
Before investigating the method's modification necessary to include real electrons, let us evaluate the precision of the position of the scatter center determined from the energy measurement. Differentiating (1) with respect to 0 we obtain Mcs 2 A ( ) sin 0 -w2 co @2 (5) We substitute (8) into (7) but it is still a well-defined property of scattering atoms. The relation between the Z-component of the momentum of the electron and the energy of the secondary photon used in deriving (6) was given in (2) .
The double differential cross section d2oldW2 dQ is an extension of the previously defined differential cross section du/dQ. It includes the requirement that the energy of the scattered photon is in a unit energy interval at the energy 02. For a moment, let us assume that we measure in the germanium detector the position and the energy only of photons scattered at a given point, P, along the primary beam. The distance of the point P from the collimator is x as indicated in Fig. 7 (c). The scattering angle 0 is thus known by the measurement of the position P' of the scattered photon in the detector and the known beam-detector distance D. If there are ne(x) electrons per unit volume at the point P within the tissue, the number of detected photons with the energy in an interval (02, 02 + /Ao2) and in a surface element of the detector i is
and Ap, stands for A02 * m1!/(I kj * w,) ) According to the spirit of our elemental analysis, the product of the total electron density and the Compton profile at the point x can be decomposed into individual contributions and written
where the summation is over all relevant elements with the atomic number Z. The n(Z)(x) is the electron density of the element with the atomic number Z at the point x;
J'(pZ, Z) are the known elemental "Compton profiles" [16] . p, in J'(pZ, Z) can also be expressed as a function of x, i, and 02 (12) Substituting (12) and (11) into (9), we obtain
Up to now we have assumed that photons were scattered from the vicinity of a given point P. Equation (13) p.z * n (Z (X).
This formula can be interpreted as a system of linear equations for each i and 02 with n(z)(x) as unknown parameters. The solution of the system (14) gives the elemental composition at each point along the beam line. The solution of the system (14) must be understood in the statistical sense of a "best estimate" of n(Z)(x). The measured distribution is subject to well-known statistical [19] , a crystal diffraction spectrometer was generally used to measure the energy of scattered photons. Each point of a Compton profile had to be measured individually in time.
To determine a Compton profile about 300 points were typically measured. Eisenberger and Reed sped up the measuring time by about the same factor of 300 by using an energy sensitive Ge detector which measured all the points at once. They did not have a position sensitive detector and had to define the scattering angle by a small entrance hole in front of the Ge-detector with an angular acceptance of 5 x 10-4 steradians.
The proposed method uses a position sensing Ge detector and removes the limitations of a small angular acceptance. Angular acceptance can be as large as 1 steradian which decreases the exposure time and the radiation dose by a factor of 1000. The measurement time decreases from typically three days to 5 min. This time is reasonable for a practical diagnosis.
The Ge detector which measured the energy and the position of photons with high precision is based on a new charge transport scheme in semiconductor detectors [20] - [22] (U.S.-patent pending). The detection process can be approximately divided into three steps. 1) Photon conversion and creation of electron-hole pairs.
2) Transport of electrons from the conversion point to the low-capacitance anode.
3) Signal charge measurement on the anode. The first step depends on the detector material and is the same as in a standard Ge detector. The improvement of measurement is due to the second and the third steps.
In the first step the photon interacts by a photo-effect within the detector and a part of its energy is used to create electron-hole pairs. The number of created pairs is strictly proportional to the photon energy. The fluctuations in the number of created pairs limits the precision of the photon energy measurements. The attainable energy resolution oa. is proportional to the statistical spread in the number of generated charges [23] .
where a., is the root means square (rms) of the energy measurement; w is the photon energy, w is the energy needed to create one electron-hole pair (=2.96 eV), and F is the Fano factor ( z 0. 1 for a good detector). For w = 100 keV, the a. is 180 eV or about 0.2 percent as was used in (5).
It will be shown later that the precision of the photon energy measurement is the most important part of the proposed method for the elemental analysis. The remaining two steps in the detection process thus must not compromise the energy resolution given by (15) .
The second step of the detection process is the transport of signal electrons. Fig. 9(a) their journey the electrons are moving in a controlled way parallel to the detector's faces. This movement is used to measure the impact position of the photon in the detector. We are going to consider the electron movement and the electric potential causing it in some detail. Fig. 9(b) shows the negative electric potential (potential energy of electron) within the detector. The potential shown is the result of the superposition of potentials of two electric fields. The first field is due to the uniform density of the positive charges bound in the Ge crystal lattice after all mobile charges were swept away (depleted material). The second field parallel to the detector faces was applied externally to transport electrons towards the anode. The potential shown in Fig. 9(b) is produced in an n-doped bulk semiconductor which has rectifying junctions on its faces. Rectifying junctions are held at the appropriate potential through connections to a voltage divider. The anode (shown in Fig. 9(a) only) is a back contact of the small area located close to the edge of the detector.
The travel time of electrons inside the semiconductor detector measures the distance of the photon conversion from the anode. During the travel (drift) time the electron charge is screened by the rectifying junctions and the signal appears only when the electrons arrive close to the collecting anode [20] .
A similar detector, called semiconductor drift chamber, was already built and tested [21] , [22] . The detector was made out of silicon and it is mainly intended to measure the position of charged particles in elementary particle physics experiments.
The performance of the prototype detector confirmed the validity of the underlying mechanism of the charge transport in fully depleted semiconductor detectors. The position resolution was better than 5 ,tm for a tested drift distance up to 4 mm (Fig. 10 ).
An independent measurement of photon energies at room temperature gave an estimate of electron trapping effects of 0.0 + 0.2 percent at 5 mm long drift.
The Lawrence Berkeley Laboratory semiconductor detector division has built a germanium detector based on a 3cm ----- Fig. 11 . Germanium detector with a built-in transverse drift field. The small capacitance anode is at the left edge of the detector connected to a preamplifier. similar idea [24] . The drift field was generated by the gradient of the density of the electrically active impurities in the germanium crystal. The continuous rectifying junctions were implanted on both faces of the detector (Fig.  11) . The reported position resolution was better than 0.5 mm for the drift distances up to 3 cm. At a very low temperature (=z 77 K) a trapping of signal electrons was seen. The amount of electron trapping decreased rapidly with temperature. It was found to be almost negligible at 120 K.
The position sensing method described above by measuring the drift time of electrons in the detectors gives only one coordinate. The knowledge of one coordinate is sufficient to provide the elemental analysis of a small volume inside the human body (Fig. 1) . To obtain the elemental composition of a tomograhic plane, the knowledge of both coordinates is required.
A fully depleted thick germanium charge coupled device (CCD) offers the possibility to perform the photon detection in two dimensions. The description of a fully depleted CCD can be found in [20] . The charge is transported by the action of a peristaltic pump as in a standard CCD. The major difference between the proposed and a standard CCD is the thickness of the active region for the photon detection (depleted region). The standard CCD typically has a depletion region of 10 ,um thickness. The proposed fully depleted CCD will have a fully active thickness of a few mm.
A fully depleted CCD has not yet been built. However, the existence of standard CCD and a very good performance of new detectors based on the same principles as a fully depleted CCD gives us confidence that our analysis of a fully depleted CCD is correct.
The third step in the detection process is the charge measurement. A direct consequence of our new charge transport scheme is the very small capacitance (electrical) of the collecting anode. Moreover, this capacitance is independent of the detector surface area. Each of the considered detectors is a large area detector with a very small collecting anode capacitance. Small anode capacitance helps to decrease the electrical noise. The signal voltage Us at the preamplifier input is the ratio of the signal charge 214 I ,+ QS and the total capacitance CT; U, = QSICT. A small capacitance leads to a large signal voltage which makes the noise of the preamplifier less important. More precisely, the smaller input capacitance allows the signal processing circuits to use more bandwidth and increase the rate capability of the system.
Assuming that the detector leakage current and all other sources of parallel noise are sufficiently small, the equivalent noise charge (ENC) can be expressed as [25] , [26] ENC = CT<e'/VT (16) where e2 is the series voltage noise (spectral density) of the input field effect transistor (FET) CT is the total input capacitance, and T is the peaking time of the final waveform at the output of the main amplifier. A commercially available FET 2N4416 has Ve2 1.5 nV/ <Hz and input capacitance of 2.5 pF. If we assume the anode capacitance to be also about 2.5 pF and the peaking time of 4 ys the ENC from (16) The dotted line in Fig. 12 shows the line broadening of the Compton profile measurement in atomic units due to w, (keV) Fig. 12. (From [27] Using primary photons of 159 keV from (1) we obtain 98 keV for the energy of secondary backscattered photons (0 = 180°). For these energies incident and scattered photons interact inside the human body mainly through the Compton scattering process and the main attenuation length in the tissue is 6.5 and 6.0 cm, respectively. This relatively long value of the photon attenuation length is important for the analysis deeper within the body.
On the other hand, 98 keV energy of scattered photon is low enough to interact in the germanium detector mainly through the photo-effect process. A photon interacting through the photo-effect process within the photon detector deposits all its energy in the immediate vicinity of the interaction. This feature of the photon interaction is used to measure the photon position. A Compton scattering of the photon in the detector followed by a photo-effect far away from the original interaction may lead to an incorrect position measurement and contribute to the background. We plan to analyze the signal waveforms at the anode and reject a large part of this background. The correct choice of the photon energy already makes the probability of this background low.
The importance of the photo-effect interaction in the detector for the position measurement excludes the use of silicon as a material for detectors. Photo-effect cross section increases with the fifth power of the atomic number. A low atomic number of silicon (Z = 14) gives an unacceptably low photo-effect cross section.
The linear photo-absorption coefficient in germanium for a photon energy of 98 keV is about 2 cm ' [31] . A 3 Dependence of the radiation dose on the photon energy will be discussed in Section IV-C. There are two additional reasons for choosing this value for the photon energy. The source of this energy is not too difficult to shield and it is easy to prepare a desirable beam by simple collimation. And finally, the photon energies are below the threshold for radiation damage of the germanium detectors [32] . Tel23n1 is not the only choice for the -y-ray source. Ce139 (E,, -165.8 keV, t112 -132 days) and Rh'01 (E2 = 198 keV, tl 2 = 3.2 years) are the other two possibilities. The X-rays from the new generation of synchrotron radiation light sources may also be considered for future applications.
B. Geometry of the Incident Photon Beam
To obtain the Compton profile, the measurement of the photon energy must be accompanied by the measurement of the scatter angle 0. We will assume that we can measure the scatter angle with a precision (FWHM) of 2 degrees. This value was used in [27] and is achievable with collimators shown in Fig. 1(b) .
For a given precision of the determination of the scatter angle (2 degrees in our case) the broadening of the Compton profile is a strong function of the scattered angle 0 and the initial photon energy. Solid lines in Fig. 12 show this dependence. Broadening is small for the backscattering (6 -175 degrees) and increases with decreasing scatter angle. To cover a large enough solid angle we may want to include all angles down to 150 degrees. From the solid line for 0 = 150 degrees in Fig. 12 we see that at cw = 159 keV the error in the Compton profile measurement due to a degree error in the determination of 0 is 75 percent of the error due to the energy measurement (dotted line in Fig. 12 ). By summing these two errors in quadrature, the broadening of the Compton line is 25 percent compared to the width due to the energy resolution only. The acceptance angle of the apparatus is 0.84 steradians.
The error in the scattering angle is due to the following three causes (Fig. 13 ): 1) the incident beam divergence, 2) the transverse beam dimensions, and 3) the position resolution of the germanium detector. We will keep errors due to the beam divergence and the position resolution of the detector small and use a relatively large beam size to minimize the radiation dose. From Fig. 13 we can easily find the angular error Acu = aet c' due to the transverse dimensions of the beam d:
where R is the distance between the scattering center and the detector. Taking R = 10 cm, the transverse beam dimension is 2.7 mm. The volume element under study is thus a cylinder with a diameter of about 3 mm and with a height of 6 mm. The axis of the cylinder is in the direction of the incident beam (Fig. 13 ). C. Radiation Dose In Appendix I it is shown that 106 counts a sufficient statistical sample for our elemental analysis. We are going to calculate how many primary photons have to enter the human body to detect these 106 scattered photons and how large the dose is to the skin.
In the first approximation the number of detected photons ND is ND = Nit, * Ait2 SCD * AS( * 6det (18) where Nin is the number of incident photons, Ait,(As(.) the attenuation of the incident (Scattered) photons, SCD is the probability of a Compton scattering into the solid angle covered by the detector within the volume element under study, and Edet is the detection efficiency.
The probability of the useful Compton scattering can be estimated from the Klein-Nishina cross section (Fig.   8 ). For our region of scattering angles (561r 7r), the section is practically constant and equal to 0.033 barn/electron/sterad. The probability SCD can be expressed as
where Q is the solid angle covered by the detector (0.84) ne is the electron density in human tissue (3.35 x 1023 el/cm3) h is the height of the cylinder under investigation (0.6 cm).
Substituting the numerical values, we obtain SCD = 0.56 percent. If we assume that the volume under study is located 6 cm deep inside the human body, Ai, -AS( " Ile, we obtain from (18) the number of incident photons as Nin = 2.6 x 109 where ED was taken to be 50 percent.
The dose Do in rads to the skin is given by
100 7 d2 p 4 where i,, is the energy absorption coefficient in cm-l, p the density of the human tissue in g/cm3, wI the photon energy in ergs, and d the effective diameter of the incident beam in cm. The factor of 100 in the denominator converts from ergs/g to rads since 1 rad is 100 erg/g. Taking the density equal to 1 g/cm3, 3len equal to 0.024 cm and all other quantities as calculated above the dose to the skin is 2.3 rad. The dose given to a patient in a scan by a standard X-ray tomography is 2.5 rad [33] . The radiation dose received by the skin can be reduced using the sweeping beam technique. The beam, while being kept focused on the volume element, is moved in a sweeping motion on the skin's surface. The incident beam is spread over a larger skin area and the dose to the skin can be substantially reduced. With this technique it is the volume under study as opposed to the skin that would receive the maximal radiation dose. The dose received by the volume under study in the sweeping beam technique is I times the dose given to the skin in the fixed beam case given by (13) which is below 1 rad for the considered case.
One might try to find the photon energy which minimizes the dose for the given statistical accuracy. The result is similar to the result of an equivalent analysis in X-ray reconstructive tomography [33] . The dose has a very broad minimum for the incident photon energies above 80 keV. Above this energy the increase in absorbed energy per photon in (19) is compensated by a decrease in attenuation factors in (18) .
D. Exposure Time
We have seen that for a good precision Compton profile analysis we need about 2.6 -109 incident photons. Photons have to be parallel with a degree in a circular area of 3 mm diameter. The simplest way to prepare such a photon beam is by collimating a source 17 cm away. The resulting photon beam contains only 8 x 10-5 of all photons emitted in all directions from the radioactive source. If we want to have an exposure time of 10 min, the source intensity has to be 2.6 x 109/8 x 10-5 x 600 s) = 5.4 x 1010/s or about 1.5 Curie. A shorter exposure time can be achieved with a more intense radioactive source. The rate of events analyzed by the detector is only 1.7 kHz or about 1 percent of the rate limit due to the peaking time of 4 is.
A 10 min exposure time is practical for the chemical analysis of head tissue. To avoid artifacts due to breathing motion of a patient, additional equipment is needed. This equipment senses the patient's motion and moves the apparatus accordingly.
E. Multiple Scattering
An example of a double scattering event which contributes to the background under the measured Compton profile is shown in Fig. 13 . A primary photon scatters first at the point AI out of the primary beam and then again at the point A2. The direction of the photon c3 is within acceptance angle of collimators in front of the detector (not shown). Therefore, the photon c3 reaches the detector.
We can roughly estimate the amount of background due to multiple scattering as follows. There are about two times more photons scattered away from the primary beam than photons reaching the volume under study. (Volume is up to one attenuation length within the body.) The average path of scattered photon AI A2 (Fig. 13) is about three times the height of the cylindrical volume. We estimate that the mean attenuation of multiple scatter photons is three times less than that of single scattered photons. The background-to-signal ratio is B/S 2 x 3 x 3 x ,AQS (20) where AQB is the acceptance solid angle for background photon (Fig. 13) and AQs is the detector angular acceptance (=0.84). For the present case, the background is about 7 percent. More conservative values of 8 and 24 percent of background are considered in the example in the Appendix.
The exact shape of the background spectra is difficult to calculate analytically. A Monte Carlo method may be used [18] . For an actual application, the shape of the background due to multiple scattering will be measured experimentally.
CONCLUSION
A new method to analyze the elemental composition of tissues located deep inside the human body without having to physically access them was proposed. One of its major applications is the detection of density and chemical changes in coronary and cerebral arteries due to arteriosclerosis.
The method is based on well-known properties of the Compton profiles of different elements. A high resolution germanium detector of large area is needed to perform the analysis in vivo without submitting patients to an excessive radiation dose.
A recent development in the field of semiconductor detectors, based on new concepts of charge transport, makes the realization of such a detector possible. The test results of similar detectors built by the authors confirms the validity of these new concepts.
In this proposal we have presented a thorough formulation of the concepts and we have elaborated all the technical aspects important to the physical realization of the apparatus. Here we will show how well, that is, with what accuracy the decomposition can be done. The problem can be appreciated by looking at Fig. 5 of the proposal where Compton profiles of hydrogen, carbon, and sodium are shown. In contrast to a standard X-ray fluorescence spectroscopy, where peaks belonging to the individual elements are separated on the x axis, the Compton profiles of all elements are situated at the same location. The differences are only in the shape of the Compton profile of the individual elements. The decomposition of a measured Compton profile is less constrained than the analog analysis of the individual peaks in a conventional X-ray spectroscopy. We may expect the Compton profile method to be less accurate than the spectroscopic methods.
(At this point one may question the practicality of the Compton profile method. The answer is quite simple. The energy of the fluorescent X-rays emitted by the common elements in the human tissue is so low that this radiation is absorbed inside the human body after transversing only a few ,um. The X-ray fluroescence method works very well indeed but only for a surface analyses. To penetrate through the body tissue and carry the information from inside the body the photon energy has to be above the energy range of X-ray spectroscopy.)
We are going to describe a decomposition of measured Compton profile into the basic Compton profiles by the least-squares method. It can be shown that in our case the least-squares method is equivalent to the maximum likelihood method which means that we are treating our problem in the best way in the statistical sense.
Similar to Section IV of the proposal, this Appendix will derive the statistical accuracy of the elemental composition of a selected small region inside the human body. RT is its transposed (1 x n) row vector, and W is the weight (n x n) matrix. In our case, the weight matrix is diagonal with Wkk = 1/ca2, where a2 is given by (A3). We can use the matrix notation again to rewrite the sum over the index i in ( The expression for the weighted sum of squares S given by (A4) is now written in the standard form found in books dealing with statistics and estimation theory. Equation (A4) is practically identical to [38, eq. 8.12] . The solution, that is, the vector N which minimizes the weighted sumS is [38, eq. 8. (A7) Equation (A7) was obtained by equating to zero all partial derivatives of S relative to the vector of unknown densities N. To linearize the problem we have neglected a weak dependence of W on the N. This approximation is equiv-alent to a slightly different definition of the or in (A2). If we substitute (Al) into or2, we obtain J2= M(qk) Aq.
(A8) Equation (A8) instead of (A2) is often used to define the weight matrix W.
From the theory of estimators we know that (A7) gives the unknown densities in an unbiased way. The accuracy is which the densities were obtained from the measured histogram is given by the variance matrix of the densities.
In our case the variance matrix is [38, eq. 8.25] var (N) = (JT W J)-l. 
To gain insight into the meanings of (A9), let us consider the simplest case of the measured Compton profile to be decomposed into a sum of two profiles J1 and J2. We have only two unknown electron densities N1 and N2 and the matrix manipulation is relatively simple. The zero. The zero value of the parameter a gives the smallest statistical error with a given total count NTOT.
At the other extreme, if the profile J1 is the same as the profile J2 the parameter a is equal to zero and the errors go to infinity. We should expect this result; the decomposition of anything into two identical profiles is undefined and can be done in an arbitrary way. The value of the parameter a for Compton profiles is between these two extremes.
B. Clinical Example
We consider a possible application of the Compton profile method to the study of osteoporosis. Let us assume that the problem is to determine the concentration of the bone salt in the bone tissue. We assume that the Compton profile of the bone salt-hydroxyapatite is the weighted sum of the profiles of individual elements forming the hydroxyapatite (3[Ca3(PO4)2] . Ca(OH)2) [16] . In this model we neglect all effects of the chemical bonds of the salt.
The Compton profile of the bone tissue is approximated by that of the water and here we also neglect all chemical effects. We believe that this second line corresponds estimation of the background in a real exposu Fig. 15 shows the accuracy of the decompo; measured Compton profile into basic profiles shows the accuracy of the determination of tht position. The plotted errors are for 106 detec as was assumed in Section IV of the proposal The lowest curve shows the error in the de of the hydroxyapatite content in the ideal case fect resolution and with no background. The defined by (A13) is roughly 0.97 depending the hydroxyapatite concentration. Division b) (A12) means that the variance of the Compt( about 30 times larger (error is <30 = 5.5 ti than it would be in the case of fully separate( spectroscopic analysis.
The second lowest curve shows the error in case of the realistic system resolution (Uq = 4 units) with no background. The increase of the pared to the ideal resolution curve is very sm
The remaining two curves show the errors cases of a given system resolution and bacd shown in Fig. 14. A typical value is about with only a slight dependence on the hydroxy centration.
C. Practical Conclusions
The above example demonstrates one pos; the method for diagnosis. It may well be the c diseases that the sick tissue has a different C( file from the healthy tissue as a consequence of some chemical changes. These changes might be visible at 0.5 percent level by the proposed method while undetected by other methods.
The principles of the proposed method of Compton profiles are the fundamental laws of atomic physics and quantum electrodynamics. The rigorous foundation of the method should not, however, prevent its application based on more empirical approaches. The capability to identify a diseased tissue by detecting a slight difference in the Compton profile relative to a healthy tissue is very useful. That we may not fully understand from the very first principles all the details of this difference does not affect the usefulness of the proposed method. remember that one photon of energy of 3.73 keV carries one atomic unit of momentum.
In (2), the z component of the momentum Pz of an electron on which the Compton scattering took place is proto an over-portional to the measured difference of the photon energy ire.
Aw. confusing, therefore, a more neutral notation q was genin realistic erally used in the sections of the proposal dealing with the kgrounds as analysis of Compton profiles.
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